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Abstract

in defining and shaping the future of global health.

against infectious disease

Messenger RNA (mRNA) vaccines have emerged as a transformative platform in modern vaccinology. mRNA vaccine
is a powerful alternative to traditional vaccines due to their high potency, safety, and efficacy, coupled with the abil-
ity for rapid clinical development, scalability and cost-effectiveness in manufacturing. Initially conceptualized

in the 1970s, the first study about the effectiveness of a mRNA vaccine against influenza was conducted in 1993.
Since then, the development of mRNA vaccines has rapidly gained significance, especially in combating the COVID-
19 pandemic. Their unprecedented success during the COVID-19 pandemic, as demonstrated by the Pfizer-BioNTech
and Moderna vaccines, highlighted their transformative potential. This review provides a comprehensive analysis

of the mRNA vaccine technology, detailing the structure of the mRNA vaccine and its mechanism of action in induc-
ing immunity. Advancements in nanotechnology, particularly lipid nanoparticles (LNPs) as delivery vehicles, have
revolutionized the field. The manufacturing processes, including upstream production, downstream purification,

and formulation are also reviewed. The clinical progress of MRNA vaccines targeting viruses causing infectious dis-
eases is discussed, emphasizing their versatility and therapeutic potential. Despite their success, the mRNA vaccine
platform faces several challenges, including improved stability to reduce dependence on cold chain logistics in trans-
port, enhanced delivery mechanisms to target specific tissues or cells, and addressing the risk of rare adverse events.
High costs associated with encapsulation in LNPs and the potential for unequal global access further complicate their
widespread adoption. As the world continues to confront emerging viral threats, overcoming these challenges will

be essential to fully harness the potential of MRNA vaccines. It is anticipated that mRNA vaccines will play a major role
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Introduction

Vaccination is one of the most effective approaches to
prevent and control infectious diseases. Vaccination has
long been recognized as one of the most impactful pub-
lic health interventions, dramatically reducing morbidity
and mortality from communicable diseases [1]. Vaccines
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have progressed from live attenuated and inactivated
pathogens to subunit-based ones containing protein
components to stimulate the immune response. Devel-
oping recombinant viral-vector, virus-like particle, or
protein-based vaccines is a significant advance in vaccine
platforms [2]. These traditional vaccines have paved the
way for controlling infectious diseases such as influenza,
dengue, Japanese encephalitis, rabies virus, varicella
(chickenpox), mumps, rotavirus, rubella, poliomyelitis,
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human papillomavirus (HPV), tetanus, measles, and
diphtheria [3].

Although current vaccines have demonstrated their
effectiveness, significant advancements are still needed
to develop new vaccines or improve the efficacy of cur-
rent vaccines. Traditional platforms, such as live attenu-
ated and inactivated vaccines, remain widely utilized due
to their stability and durability. However, live attenuated
vaccines raise safety concerns, as they involve whole
pathogens, which could revert to wild types. Subunit vac-
cines offer improved safety and stability but require adju-
vants to elicit strong immune responses. However, these
conventional approaches usually require lengthy develop-
ment timelines, involving costly processes and extensive
optimizations, which could limit their responsiveness to
emerging threats [4]. Epidemic outbreaks such as SARS
and Ebola, and more recently the COVID-19 pandemic,
have shown the limitations of existing vaccine technolo-
gies, particularly their inability to provide rapid, cost-
effective, and scalable solutions in response to emerging
threats. To address these challenges, innovative vaccine
technologies are essential for improving outbreak pre-
paredness and ensuring global vaccine accessibility. The
need for adaptable and rapid vaccine technologies has
developed in response to concerns such as pandemics,
caused by emerging zoonotic pathogens. The ideal vac-
cine would combine efficacy, safety, stability, and broad
protection across antigenic variants. While traditional
methods continue to play a vital role, novel platforms
like nucleic acid-based vaccines such as mRNA vaccines,
have emerged as transformative innovations.

Though the idea of effective in vitro transcribed mRNA
vaccines in epitope presentation was first proposed in
the early 1970s, it was not until the late 1990s that the
mRNA vaccines were confirmed [2]. mRNA vaccines
are nucleic acid-based vaccines that induce immune
responses. Antigen-encoding mRNA is transported into
a cell and translated into an antigenic protein in the cyto-
plasm. Since the mRNA can elicit both humoral and
cellular immunity by presenting an mRNA-encoded anti-
gen, it has been regarded as a powerful vaccine system.
The primary advantage of mRNA vaccines is their sig-
nificantly shorter development timeline than traditional
inactivated vaccines such as influenza which are typically
produced using embryonated eggs and take 6—8 months.
The COVID-19 pandemic acted as a proving ground for
mRNA vaccine technology, catalyzing the rapid devel-
opment of the Pfizer-BioNTech (BNT162b2) and Mod-
erna (mRNA-1273) vaccines. The FDA approved the
mRNA vaccines against COVID-19 under an Emer-
gency Use Authorization less than one year after identi-
fying the sequence of the spike protein of SARS-CoV-2
[5]. COVID-19 mRNA vaccines relied on the spike (S)
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protein of COVID-19 as the antigen, demonstrating high
efficacy and safety profiles, heralding a new era of vac-
cine design and development. The in vitro transcribed
(IVT) reaction used to produce the antigenic protein is
easy, and quick and produces mRNA transcripts with
high yield. Beyond COVID-19, the versatility of mRNA
vaccines offers immense potential for addressing a wide
range of infectious diseases.

mRNA vaccines offer several significant advantages
over traditional vaccine platforms. These advantages
include safety, as mRNA is non-infectious and does not
integrate into the host DNA. They also exhibit high effi-
cacy due to the selection of the antigen and epitope opti-
mization that enhances stability and effectiveness while
minimizing undesired immunogenicity. Furthermore,
mRNA vaccines are produced in cell-free systems, which
enable rapid, scalable, and cost-efficient production pro-
cesses. Additionally, mRNA vaccines have the exceptional
ability to encode multiple antigens, thereby enhancing
immune responses against highly resilient pathogens [2].

The mRNA technology still faces significant hurdles,
including instability due to degradation by RNases, ineffi-
cient delivery, poor adaptive immune responses and elic-
iting adverse inflammatory reactions. However, advances
in chemical modifications of nucleotide components of
mRNA, utilizing optimized delivery vehicles such as lipid
nanoparticles (LNPs), and improved manufacturing pro-
cesses have addressed these challenges, setting the stage
for developing new vaccines with real-world applications.

This review investigates scientific underpinnings, cur-
rent applications, and potential future developments of
mRNA vaccines, highlighting their transformative impact
on modern medicine.

mRNA vaccines

Structure and design of mRNA

mRNA vaccines rely on synthetic messenger RNA mole-
cules designed to mimic natural mRNA. These molecules
are engineered to encode specific antigenic proteins from
the target pathogen, typically a viral surface protein. The
structure of mRNA vaccines closely resembles that of
eukaryotic mRNA, consisting of a single-stranded mol-
ecule featuring a 5" cap, a 3’ poly(A) tail, and an open
reading frame (ORF) flanked by untranslated regions
(5" and 3" UTRs) as illustrated in Fig. 1. Structurally,
mRNA vaccines are optimize to ensure stability and effi-
cient translation. Five functional regions characterize the
mRNA.

5’ Cap structure

The 5° Cap Structure is a chemically modified cap that
facilitates efficient ribosome binding during transla-
tion and can enhance stability of the mRNA. The cap is
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Fig. 1 Schematic diagram of an mRNA primary structure (5" cap, untranslated regions, antigen coding region, 3" poly-A tail) suitable for in vitro

transcription (IVT). This figure is created by BioRender.com

located at the 5" end of the mRNA with different degrees
of methylation. The 5" end of the mRNA contains a cap
with a 7-methylguanosine (m7G) moiety, followed by a
triphosphate moiety connected to the first nucleotide
(m7GpppN). The cap protects mRNA from exonucle-
ase cleavage, regulates pre-mRNA splicing and initiates
mRNA translation. Post-translational modifications such
as 2'-O-methylation at position 2 of the ribose ring at
the first nucleotide of Cap 0 give rise to Cap 1 which can
increase translation efficiency and protein production
[6].

Two primary methods are used to add a 5" cap to
mRNA molecules, which can enhance mRNA stabil-
ity, translation efficiency, and reduce immunogenicity.
The first approach involves a two-step multi-enzymatic
reaction, where separate capping enzymes process an
uncapped IVT mRNA [7]. While effective, this method
is labor-intensive and time-consuming and may result
in variable capping efficiency. The second and more
advanced approach is a co-transcriptional method using
CleanCap AG technology in combination with T7 RNA
polymerase [8]. This method incorporates the cap struc-
ture during mRNA synthesis, eliminating the need for
any additional enzymatic steps. CleanCap AG technology
achieves remarkable efficiency, producing mRNA after
IVT reactions with concentrations up to 5 mg/ml and
a high proportion (94%) of the desired cap 1 structure
which is critical for enhanced stability and translational
activity.

The second and more advanced approach is a co-tran-
scriptional methods using CleanCap AG technology in
combination with T7 RNA polymerase [8]. This method
incorporates the cap structure during mRNA synthesis,
eliminating the need for any additional enzymatic steps.

CleanCap AG technology achieves remarkable effi-
ciency, producing mRNA after IVT reaction with con-
centrations up to 5 mg/ml and a high proportion (94%) of
the desired cap 1 structure which is critical for enhance
stability and translation activity.

Compared to first-generation cap analogues, such as
mCap and ARCA, which predominantly result in the cap
0 structure, the CleanCap approach offers several advan-
tages. Cap O structures, characterized by the absence of a
methyl group at the 2"-O position of the ribose, are less
effective in promoting robust protein translation and
evading innate immune recognition [7]. In contrast, cap

1 structures provide enhanced protection against degra-
dation by exonucleases and improved engagement with
the translation machinery, which significantly boosts the
overall efficacy of the mRNA vaccine. Cap 1 structure
can be modified to yield the Cap 2 structure by additional
methylation in the 2’-O position of the second nucleo-
tide [9]. It has a significant impact on mRNA stability and
translation efficiency. It can also reduce the activation of
the innate immune response. Cap 1 analogues such as
those with hydrophobic tags [10] and benzylated caps
analogues m7GpppBn6AmpG were shown to enhance
translation in vitro and in vivo besides facilitating easier
mRNA purification [11].

Untranslated region structure

The 5" and 3" untranslated regions (UTRs) of mRNA play
essential roles in protein expression by regulating stabil-
ity and translational efficiency. The 5° UTR primarily
facilitates the initiation of translation, while the 3" UTR
affects the stability and half-life of mRNA. The length,
sequence and secondary structure of the 5"UTR were
reported to play important roles in mRNA translation
[12]. UTR sequences can be sourced from human alpha-
globin or beta-globin genes to enhance their functionality
in mRNA constructs.

The 5'-UTR of mRNA plays an important function
in protein translation. The choice of 5'-UTR sequence
is critical, as it directly influences the efficacy of ribo-
some interaction with mRNA and the initiation of pro-
tein translation. The length of 5'-UTR can vary from
53 to 218 nucleotides [13]. The most common choice of
5-UTRs are sequences derived from highly expressed
human genes, such as alpha-globin or B-globin genes,
which have proven their ability to produce good protein
expression levels [14].

The 5"-UTR facilitates transcriptome assembly, and
its sequence can either enhance or hinder transla-
tion. This process begins during in vitro transcription
(IVT), where the 5'-UTR is transcribed as part of the
full mRNA construct. Eukaryotic translation initiation
starts with the assembly of the 43S pre-initiation com-
plex (PIC), which includes methionyl initiation tRNA
(Met-tRNAI) in complex with eukaryotic initiation fac-
tor 2 (elF2) [15]. elFs 1, 1A, 3, and 5 will bind to the
PIC, where the mRNA will be recruited via the eIlF4F
complex which recognizes the 5’ cap structure [16].
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This elF4AF complex comprises elF4A, elF4G, elF4E,
and the poly(A)-binding protein (PABP). The PIC scans
the mRNA from the 5 to 3" end until it identifies an
AUG start codon complementary to Met-tRNAi. The
pairing of Met-tRNAi with the AUG codon signals the
binding of the 60S ribosomal subunit, thus completing
the assembly of the 80S ribosome, which is ready for
protein synthesis [17].

During transcript assembly, structural features like
internal ribosome entry sites (IRES) may be incor-
porated to improve mRNA stability and allow cap-
independent translation in specific contexts [15]. The
5'-UTR is capped with a Cap 1 structure using co-
transcriptional methods like CleanCap technology [8].
This cap plays a pivotal role in recruiting the transla-
tion initiation machinery while protecting the mRNA
from degradation by exonucleases. The precise engi-
neering of the 5"-UTR ensures optimal interaction with
the ribosome and translation factors, enabling robust
protein synthesis while minimizing innate immune
activation. Lengthy or highly structured 5 UTR can
prevent ribosome binding to the cap which can reduce
mRNA translation efficiency. For optimal translation,
GC-rich secondary structures in the 5" UTR should be
avoided. The incorporation of B-globin in the 5'-UTR
which resulted in the highest HIVgp145 expression was
recently reported by Ma et al. [18].

The 3'-UTR located at the 3" end of mRNA plays a
vital role in mRNA localization, stability, and trans-
lation efficiency, making it a key element in design-
ing IVT mRNA. In IVT mRNA design, the 3"-UTR is
typically between 130 and 280 nucleotides, as shorter
or longer 3’-UTR can influence protein expression lev-
els. Longer 3"-UTRs generally have shorter half-lives,
while shorter ones tend to reduce translation efficiency
[19]. 3'-UTR sequences can be sourced from human
alpha-globin (HBA) or p-globin (HBB) genes as they
function to enhance mRNA synthesis. It was reported
that two repeats of the human B-globin at the 3"-UTR
(2hBg) of the HA gene in the mRNA vaccine construct
were able to improve mRNA stability and increase pro-
tein production, establishing it as a gold standard for
IVT mRNA synthesis [20]. Zhuang et al. [21] reported
that 5" and 3’-UTR incorporating B-globin produced
higher levels of HA protein from IVT-mRNA. Besides,
the incorporation of the human HSDI7B4 gene in the
5-UTR and the human PSMB3 gene in the 3’-UTR of
CureVac AG’s second-generation mRNA SARS-CoV-2
vaccine resulted in higher protein expression, leading
to improved immunogenicity and protective efficacy
[22, 23]. Designing IVT mRNA should avoid AU-rich
regions in the 3’-UTR, as they shorten mRNA half-life
[24].
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Open reading frame (ORF)

The open reading frame (ORF) is a critical determinant
of the immunogenicity and translational efficiency of
the mRNA vaccines. The coding sequence for the target
antigen is meticulously optimized to facilitate optimum
protein folding and translation efficiency regulation, with
codon optimization playing a pivotal role. This process
introduces functional peptides and ensures compatibil-
ity with the human translation machinery, enhancing the
translational process. To further protect the mRNA from
exonuclease degradation, guanine and cytosine (GC)
content is strategically increased, avoiding the inclusion
of rare codons within the ORF [25].

Additionally, modifications to the mRNA nucleotides
significantly improve its performance. Natural mRNA
molecules are composed of four primary nucleotides:
ATP, CTP, GTP, and UTP. Modified nucleotides such as
N1-methyl pseudouridine (N1my-UTP) and 5-methyl-
cytidine have been shown to increase translational
efficiency and lead to the effectiveness and safety of
mRNA vaccines. For instance, mRNA incorporating N
(1)-methyl-1-pseudouridine (mly) demonstrated up to
44-fold higher reporter gene expression when compared
to pseudouridine (y) modification upon transfection
in several cell lines [26, 27]. These modified nucleotides
can be incorporated during in vitro transcription (IVT)
to enhance mRNA functionality. While non-modified
mRNA offers certain advantages, incorporating modified
nucleotides provides significant benefits. These modi-
fications help the IVT mRNA evade detection by the
innate immune system, thus reducing the risk of adverse
immune responses. Additionally, they enhance the trans-
lation efficiency of the mRNA, ensuring more effective
production of the desired antigen [28].

This enhancement reduces innate immune recogni-
tion and improves mRNA stability, enabling robust and
sustained protein expression, essential for eliciting a
strong immune response. The functional properties of
an mRNA vaccine can be enhanced by including a signal
peptide of up to 30 amino acids long. It will determine
the localization of the synthesized protein. The fusion of
the MHC Class I trafficking signal to the C-terminus of
the antigen significantly increases antigen presentation
efficiency in human and murine dendritic cells. Efficient
expansion of AG-specific CD8* and CD4" T-cells with
improved effector functions was observed [29].

Poly(A) tail

The poly (A) tail of mRNA is characterized by the pres-
ence of 10-250 adenine ribonucleotide units at the 3’
end. The addition of the poly (A) tail ensures efficient
translation and confers stability to the mRNA, aids in the
export of the mRNA to the cytosol and is involved in the
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formation of a translation-competent ribonucleoprotein
(RNP). Their length helps to regulate mRNA translation
efficacy, stability and protein expression by reducing the
RNA exonuclease activity. The 3" end of the poly-A tail
combines the polyA binding protein (PABPs) which sub-
sequently interacts with the 5" cap via eukaryotic trans-
lation initiation factors elfG and elfE. Such interaction is
responsible for promoting a closed-loop structure and
increasing the affinity to the mRNA cap. At least 30—40
adenosines are necessary to inhibit the 5" to 3" and 3’ to
5" mRNA degradation pathways. An approved mRNA
vaccine such as mRNA-1273 (Moderna) carries a homog-
enous poly(A) tail comprising 100 adenosines. Besides a
homogenous poly(A) tail, a segmented poly(A) contain-
ing a specific linker sequence such as GCAUAUGACU
was employed in the development of the BNT162b2
mRNA vaccine (Pfizer-BioNTech) [3].

Substitution of non-A nucleotides showed that cytosine
(C) when added within the 3" poly(A) tail was also effec-
tive in enhancing and prolonging protein expression both
in vitro and in vivo [30]. Two main strategies can be used
for in vitro synthesis of poly(A) tails. One uses enzymes
such as poly(A) polymerase to synthesize poly(A) tails
after completion of mRNA transcription and the other
uses co-transcriptional synthesis where poly(A) sequence
which is already present on the plasmid DNA is directly
transcribed [32].

In vitro transcription (IVT)
In vitro transcription (IVT)-based systems are used to
synthesize mRNA, by transcribing the gene of interest
in a DNA plasmid [33]. IVT produces mRNA by com-
bining a linearized DNA template, bacteriophage T7 or
SP6 RNA polymerase, NTPs, and a Cap analogue for co-
transcription (Fig. 2). A polymerase chain reaction (PCR)
can yield a DNA template. By including the T7 or SP6
RNA polymerase recognition site in the forward primer,
PCR may convert the DNA fragment into a transcription
template. The RNA polymerase promoter must be the
upstream sequence of the DNA of interest to ensure suc-
cessful transcription.

To construct the IVT template plasmid, the process
of designing and cloning the gene coding sequence
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(CDS) involves several critical steps to ensure accurate
and efficient expression of the target protein.

Constructing the IVT template plasmid

The first step is to obtain the DNA sequence that will
be translated into the protein with the inclusion of
the start and stop codons. Optimization of codons
is needed for the target antigen as this will signifi-
cantly minimize the immunogenicity by incorporat-
ing pseudo-UTPs and adjusting uridine (U) frequency.
Additionally, the CDS must be checked for the pres-
ence of restriction sites. If such sites are detected in the
CDS, the codons will need to be modified while pre-
serving the amino acid sequence, ensuring the needed
codons will not be cut. Forward and reverse primers
are designed with 15-base in-fusion sequences at their
5" ends. The CDS is then amplified through PCR using
these primers. The amplification will be performed to
ensure the correct size and adequate quantity of the
fragment. To get the maximum transcription yields,
mRNA and the transcription medium must be free of
impurities such as RNases, proteins and salts.

Preparation of template DNA for IVT

The preparation of template DNA for IVT can be
achieved through linearization of the plasmid carrying
the gene of interest. Linearization of the plasmid tem-
plate involves the use of a restriction enzyme to cut the
plasmid at a site that produces either a 5 overhang or
a blunt end. It is important to avoid leaving extra bases
beyond the poly(A) tail, as this can compromise trans-
lation efficiency. This approach results in a clean, high-
quality DNA template essential for efficient IVT and
downstream mRNA synthesis.

Delivery systems for mRNA

mRNA vaccine molecules are large (104—106 Da) and
are negatively charged. One major challenge for mRNA
vaccines is the rapid degradation of naked mRNA which
is inherently unstable and is highly susceptible to deg-
radation by extracellular ribonucleases (RNases). For
the vaccine to be effective, mRNA must be successfully
recruited to ribosomes to be translated into a protein.

S 3
cap ORF
p 5@ UULLLLCAY A YA )--- 3'uTR
7 UTR SN &
& ACGU
3 DNA template 5' i (NTPs) ;
P T7 or SP6 or mRNA transcript
RNA modified
polymerase NTPs

Fig. 2 In vitro transcription (IVT) of mRNA. This figure is created by BioRender.com
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Fig. 3 mRNA encapsulated in Lipid nanoparticle. This figure
is created by BioRender.com

Enhancements through mRNA engineering have been
shown to increase and extend the functional half-life of
mRNA substantially. To overcome this, mRNA vaccines
are delivered into the cells by a transfecting agent or for-
mulated with delivery vehicles, most commonly lipid
nanoparticles (LNPs) (Fig. 3).

Recent advancements in LNP technology have dra-
matically improved the delivery and efficacy of mRNA
vaccines. Innovations in lipid chemistry have introduced
biodegradable and biocompatible materials, reduced
potential toxicity while maintained high delivery effi-
ciency [34]. Emerging designs focus on tissue-specific
targeting, such as delivering mRNA to antigen-present-
ing cells (APCs) for a stronger immune response [35].
These advancements collectively enable more potent,
safe, and tailored mRNA vaccines, marking a transforma-
tive leap in vaccine delivery systems.

Lipid nanoparticles (LNPs)

LNPs have been approved for human use and are the only
drug delivery system with clinical effectiveness. Nano-
technology is rapidly emerging in the drug delivery sec-
tor as it displays exceptional potential for in vivo delivery
of biomolecules, drugs and vaccines [36]. These nano-
particulate systems can overcome the limitations inher-
ent in conventional formulations [37]. A particle size of
approximately 50 nm for vaccines will lead to highly effi-
cient delivery, irrespective of its chemical composition.
LNPs act as protective shields for small molecules against
enzymatic degradation, effectively minimizing vaccine
protein degradation, phagocytic clearance and prolonged
circulation time of the vaccines, allowing precise target-
ing while reducing off-target effects [38]. LNPs also play
a crucial role in enhancing cellular uptake by promoting
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endocytosis and efficient delivery of mRNA to target tis-
sues, such as antigen-presenting cells (APCs). In addition
to their targeted delivery capabilities, LNPs offer several
other advantages. They are relatively easy to formulate
and enable scale-up for large-scale production, exhibit a
highly efficient transfection capacity, and possess a low
toxicity profile, making them an ideal delivery system for
mRNA vaccines [39]. These attributes collectively con-
tribute to the effectiveness and practicality of LNPs in
advanced vaccine development.

Cationic lipids

Advancements in lipid design have significantly
enhanced the effectiveness of lipid nanoparticles (LNPs)
for mRNA vaccine delivery. LNPs are composed of four
key components: cationic lipids, ionizable lipids, choles-
terol, and polyethylene glycol (PEG)-lipids, which create
a stable and efficient delivery system. Ionizable lipids are
now engineered to facilitate superior endosomal escape,
ensuring efficient cytoplasmic release of mRNA and max-
imizing protein translation [3]. The charge of the LNP
plays an essential role in transporting mRNA vaccines
across biological membranes. Cationic lipids represent
the first generation of lipids developed for mRNA vaccine
delivery. These lipids contain a quaternary nitrogen atom,
which confers a permanent positive charge. This positive
charge allows cationic lipids to interact ionically with the
negatively charged mRNA, forming a stable lipid-mRNA
complex. Cationic lipids such as DOTMA, DOPE, and
DOGS have been extensively utilized in mRNA delivery,
demonstrating their effectiveness in facilitating efficient
transfection [39].

The cationic liposome will interact with the anionic cell
surface and endosomal membrane to release the mRNA
cargo. The ideal pKa range for delivery of LNPs via the
intravenous route is between 6.2 and 6.6 [2]. These lipids
are also tailored for rapid biodegradability, reducing
potential toxicity and improving patient safety.

PEG-lipid

The composition of mRNA-LNP vaccines contributes
to their stability. Using stealth-based nanomaterials is a
common strategy for enhancing the stability and prolong-
ing the circulation duration of mRNA molecules [40].
In this context, poly (ethylene glycol) (PEG) emerges as
the gold standard for nanoparticle formation due to the
hydrophilic nature of PEG, low cellular toxicity, and high
biocompatibility [41]. The concept of PEGylation encom-
passes the modification of biological molecules through
covalent conjugation with PEG. PEGylation modifies
the physical and chemical properties of the mRNA com-
pounds, including their conformation, electrostatic bind-
ing, and hydrophobicity [42]. This modification results
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in an improvement in the pharmacokinetic behavior and
aqueous solubility of the molecule. The PEGylated lipid
component in LNPs is linked to an anchoring lipid. PEG
present in the LNP can improve the colloidal stability of
LNPs in biological fluids. As PEG dissociates from the
LNP surface, it decreases the circulation time of LNPs
and delivers the mRNA cargo to its targeted cells.

A few parameters of the PEG-Lipids can be adjusted to
improve the encapsulation efficiency. For example, the
amount of PEG is inversely proportional to the size of the
LNP, hence, the higher the PEG content, the smaller the
size of the LNP. A higher molecular weight of PEG and a
longer lipid chain can increase the circulation time of the
LNPs in the biological system.

Cholesterol

The main function of helper lipids in the formulation of
LNPs lies in supporting their stability during storage and
in vivo circulation. Helper lipids are glycerolipids and
non-cationic. Sterols and phospholipids are the most
used helper lipids. Including phospholipids as structural
lipids in LNP formulations (account for 10-20% of total
lipids) can help boost encapsulation while increasing cel-
lular delivery. Cholesterol is usually incorporated in LNP
formulation to maintain stability and it will affect the effi-
cacy of LNP delivery. It helps by fusion with the endoso-
mal membrane during the cellular uptake of LNPs.

Polymeric nanopatrticles

Recent advancements in controlled release systems have
highlighted the benefits of using polymer-based encap-
sulations. Polymeric nanoparticles are submicron-sized
colloidal particles that have become a versatile platform
for incorporating, encapsulating, or adsorbing therapeu-
tic agents onto their polymeric surface [43] (Fig. 4). These
nanoparticles display exceptional potential for in vivo
delivery of vaccines, biomolecules and drugs [36]. These
carriers are composed of natural or synthetic polymers
with a diameter of 1-1000 nm [44].

Polymer-based delivery systems, commonly known
as polyplexes, are formed through electrostatic interac-
tions between positively charged polymers and negatively
charged nucleic acids. This interaction creates a protec-
tive barrier around mRNA, shielding it from degradation
and facilitating efficient cellular delivery [3]. The nucleic
acid-polymer complexes protect nucleic acids from deg-
radation by nucleases, enhancing the stability and effi-
ciency of nucleic acid delivery, prolonging the circulation
time of the nucleic acids, and allowing precise targeting
while reducing off-target effects [38]. Polymers like poly-
esters, poly (amino acids), and polyethyleneimine (PEI)
have attracted significant interest due to their versatility
in chemical modifications, enabling precise control over
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Fig. 4 The structure of polymeric nanoparticles encapsulated
with biomolecules. This figure is created by BioRender.com

mRNA release profiles and biodegradability [3]. PEI, a
cationic polymer, has been widely used in nucleic acid
delivery systems because of its ability to form complexes
via electrostatic interactions with negatively charged
molecules [45]. However, their non-degradability and
relatively poor biocompatibility limited their clinical
application. The notable biocompatibility and biodeg-
radability of polyesters have been used for mRNA deliv-
ery. For example, poly(D-L-lactide-co-glycolide) (PLGA)
offers a novel approach to overcoming physiological and
pathological challenges, showing potential for efficient
transfection and controlled release of the mRNA [46].
Poly (amino acids) (PAAs) have long been utilized for
nucleic acid delivery. PAAs contain amphiphilic blocks of
copolymers and thus can generate a core—shell structure
[47]. The distinctive characteristics of PAAs include rapid
metabolism, biodegradability and high selectivity for spe-
cific targets, making them attractive candidates for func-
tional and structural polymers [48]. PAAs are intriguing
for biological applications because of their capacity to
self-assemble into ordered and stable nanostructures,
especially as vehicles for controlled drug delivery [49].

Other promising mRNA delivery systems

While LNPs are the most established delivery system
for mRNA vaccines, several other promising platforms
are being developed to address specific challenges such
as targeted delivery, reduced immunogenicity, and
improved stability. Lipid-polymer hybrids combine the
stability of polymers with the biocompatibility of lipids,
enhancing cellular uptake and reducing toxicity [50].
Exosomes, naturally occurring extracellular vesicles, have
emerged as a potential delivery system due to their innate
ability to transport mRNA across biological barriers with
minimal immune activation [51]. Peptide-based carriers
leverage cell-penetrating peptides (CPPs) for efficient
intracellular delivery and endosomal escape [52]. Addi-
tionally, inorganic nanoparticles such as gold and silica
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nanoparticles have shown high stability and the potential
for functionalization to target specific cell types [53].

Mechanism of the mRNA vaccines: cellular uptake

and antigen production

The mechanism of mRNA in promoting the adaptive
immune response begins with its endocytosis of mRNA-
LNP, followed by an endosomal escape to the cytosol
after endocytosis-mediated internalization [15]. Intra-
muscular injection leads to the transfection of muscle
cells and tissue-resident antigen-presenting cells (APC)
such as dendritic cells and macrophages. Once in the
cytoplasm, the mRNA is translated by ribosomes into the
target antigen.

When a portion of the synthesized antigen is trans-
ported on the surface of the antigen-presenting cells
(APCs) and presented to B-lymphocytes, they differen-
tiate into plasma cells that produce antibodies against
the antigen. Through their receptors, B-cells can rec-
ognize the antigen on the antigen-presenting cells, thus
enabling their activation and initiating the production
of pathogen-specific antibodies [54]. However, there is
a clear reduction of anti-spike IgG against SARS-CoV-2
after 30 days [55]. Memory B-cells and long-lived plasma
cells which secrete neutralizing antibodies are needed.
Research efforts to elucidate how mRNA vaccines induce
human germinal center (GC) responses [56] and extra-
follicular (EF) B-cell pathways may lead to second-gen-
eration mRNA platforms [57]. Another fraction of the
antigen is secreted into the extracellular space, which can
be taken up by other APCs and degraded in the phago-
lysosome. These degraded antigens are then presented on
the APC surface via MHC class II molecules [15].

Some of the antigens that have been synthesized are
degraded into peptides by the proteasome within the
same APC. These peptides are then displayed on the cell
surface as part of the MHC class I molecules [58]. The
humoral and cellular immune responses were elicited in
response to mRNA vaccination.

After the mRNA enters the cell, the polyA binding pro-
tein (PABP) binds to the polyA tail and interacts with the
eukaryotic translation initiation factor 4E (elF4E). elF4E
interacts with 5” cap, UTRs, PABP, initiator methionyl
tRNA and 40 s ribosomal subunit, rendering the circula-
tion of the mRNA and initiation complex formation [59].
After the 40 s ribosomal subunit scans the transcription
initiation codon, the 60 s ribosomal subunit attaches
elF4E are freed and amino acids are added to the growing
chain.

Once delivered to the target tissue, the mRNA-LNP
complex is internalized into cells primarily through
endocytosis, which engulfs extracellular materials into
vesicles. Inside the cell, the mRNA-LNP complex faces
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its first critical challenge: endosomal escape. LNPs play
a pivotal role here by destabilizing the endosomal mem-
brane, often through the proton sponge effect or lipid
fusion, which releases the mRNA into the cytoplasm [60].
Once in the cytoplasm, the mRNA is ready for transla-
tion, where ribosomes recognize and bind to it, thus syn-
thesizing the encoded antigenic protein.

This antigenic protein undergoes further processing
depending on its intended role. The protein is broken
down into smaller peptides representing intracellular
antigens which are then loaded onto major histocompat-
ibility complex (MHC) class I molecules and presented
on the cell surface [61]. This presentation activates cyto-
toxic T cells, a crucial step in cellular immunity. Some of
the IVT synthesized proteins are released extracellularly
as secreted antigens where they can recruit and activate
other immune cells, such as B-cells and helper T-cells,
further amplifying the immune response [5]. This dual
mechanism—cell surface antigen presentation and extra-
cellular antigen secretion—ensures a strong and multi-
faceted immune activation, making mRNA vaccines
highly effective in stimulating both humoral and cellular
immunity (Fig. 5).

mRNA manufacturing

mRNA vaccine against SARS-CoV-2 was the first trans-
formative vaccine technology approved by both the FDA
and EMA as a prophylactic vaccine. Currently, there are
at least 41 COVID-19 mRNA vaccines in clinical tri-
als worldwide [62]. Three typical stages are involved in
mRNA vaccine manufacturing.

Upstream production of mRNA

The mRNA transcript is generated from the recombinant
plasmid containing the gene(s) of interest. The reaction is
known as in vitro transcription reaction (IVT). IVT enzy-
matic reaction relies on RNA polymerase, enzymes such
as inorganic pyrophosphatase (IPP), Cap 2’-O-methyl-
transferase, poly(A) tail polymerase, guanylyltransferase,
nucleotides (A, G, C and UTPs), magnesium-containing
buffer and RNase inhibitors for the IVT reaction. Alter-
natively, the co-transcriptional addition of a 5" cap can
be performed using CleanCap® Reagent AG [63].

Downstream purification

mRNA produced by the IVT reaction is then isolated
and purified by multiple purification steps in down-
stream processing. The IVT reaction mixture contains
impurities such as residual NTPs, enzymes, incorrectly
formed mRNAs, double-stranded RNA and DNA plas-
mid templates. Lab-scale purification of IVT mRNA can
be achieved by DNA removal using DNase 1 digestion,
followed by lithium chloride (LiCl) precipitation [64].
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Fig. 5 Schematic representation of the mRNA mechanism of action in promoting the adaptive immune response. This figure is created
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However, the lab-based methods do not allow the com-
plete removal of species such as dsRNA and truncated
RNA fragments. The removal of these impurities is criti-
cal to obtaining a pure mRNA product with increased
translation efficiency and an no adverse immunostim-
ulatory profile. Purifying modified mRNA through
reverse-phase HPLC before delivering it to dendritic cells
significantly increased mRNA transfection efficiency and
related protein production by 10- to 1000-fold [65].

Large-scale generation of mRNA by IVT under current
good manufacturing practice (cGMP) conditions can be
challenging. Specialized components of the IVT must be
free of animal components and meet GMP-grade. The
availability of large amounts of IVT components can
incur high costs and the supply is limited. This is espe-
cially true when referring to enzymes used for translation
and the supply of CleanCap® Reagents AG.

Following synthesis by IVT, the mRNA must be puri-
fied from the reaction mixture by utilizing multiple puri-
fication columns to attain clinical purity standards. The
impurities include enzymes, residual NTPs, DNA tem-
plates, dsRNA and truncated mRNAs. DNase 1 diges-
tion and lithium chloride (LiCl) precipitation does not
completely remove the dsRNA and truncated RNA
fragments.

Downstream processing for the purification of mRNA
employs multiple chromatography processes. Size

exclusion chromatography (SEC) was the first published
large-scale purification approach for synthetically pro-
duced RNA oligonucleotides [66]. Despite having advan-
tages such as selectivity, scalability and low cost, SEC
cannot remove impurities such as dsRNA [67]. lon pair
reverse-phase chromatography (IPC) has proven to be
an excellent approach for removing dsRNA impurities.
However, IPC poses a challenge for large-scale processing
as it uses toxic reagents such as acetonitrile for elution
and is costly to scale up [68]. Cellulose-based chromatog-
raphy columns can remove up to 90% of dsRNA and yield
greater than 65% of mRNA, but it requires an optimum
concentration of ethanol for binding [69]. Ion-exchange
chromatography (IEC) can be used to perform large-
scale purification of mRNA as it is cost-effective and scal-
able. Weak anion exchange chromatography can resolve
T7 RNA polymerase and unincorporated NTPs which do
not bind to the columns. Affinity-based separation uti-
lizes a single-stranded deoxythymidine (dT) to capture
the mRNA. The OligodT binds to the poly(A) tails of the
single-stranded mRNA and retains the mRNA target on
the stationary phase while impurities are eluted from the
column. IVT reagents, the DNA template and dsRNA
can be removed. However, drawbacks include low bind-
ing capacities and less cost-effectiveness. The use of mag-
netic OligodT beads has been reported by Green and
Sambrook [70] to improve the isolation of mRNA. Most
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column chromatography approaches are not cost-effec-
tive. Tangential flow filtration has emerged fast and effi-
cient method for large-scale production of IVT [4]. The
number of chromatography steps used in large scale pro-
duction of mRNA can affect the stability and subsequent
recovery of the mRNA vaccine product.

Emerging innovations in mRNA vaccine technology
against viral pathogens

COVID-19

The success of mRNA vaccines during the COVID-19
pandemic has catalyzed a wave of innovations in the field,
broadening the scope of mRNA vaccine applications
and refining their design for enhanced efficacy. Early
COVID-19 vaccines primarily targeted the full-length
spike (S) protein of SARS-CoV-2, which proved effec-
tive in eliciting robust immune responses. The mRNA
vaccine BNT162b2 developed by Pfizer-BioNTech
offered protection against severe COVID-19 disease by
eliciting both humoral and cellular immunity against
SARS-CoV-2. However, effective humoral and cellular
immunity against SARS-CoV-2 was found to wane after
six months. New waves of SARS-CoV-2 infections are
caused by changes in the spike protein (S) which sub-
stantially decreases the efficacy of vaccines [71]. Vac-
cination with BNT162b2 was observed to modulate the
innate immune responses which was reflected by higher
IL-1/IL-6 release and decreased IFN-y production [72].
There was also a lack of neutralizing capacity against the
omicron variant after six months. To overcome the lack
of broad protection, a bivalent COVID-19 was developed
and Li et al. [31] reported that mice immunized with
Delta/ BA.5 mRNA vaccine were able to provide broad
protection against Wuhan-Hu-1, Delta and Omicron
variants, addressing antigenic drift and ensuring broader
protection against evolving strains.

Further advancements have included the development
of multivalent mRNA-LNP vaccines targeting full-length
spike proteins from various variants. Trivalent vaccines
(WT+BA.5+XBB1.5), pentavalent vaccines (WT+BA
.5+XBB1.5+BQ1.1+CHI1.1), and even octavalent vac-
cines (WT+BA.5+XBB1.5+BQ1.1+ CH1.1+ Alpha
+Delta+BA.2) have been created to enhance immune
response across a wider spectrum of variants. The pen-
tavalent vaccine designed by Kumari et al. [73] showed
superior protection against all tested variants. How-
ever, with the emergence of new variants of concern
like Omicron EG5.1, the pentavalent formulation was
revised to include additional strains (WT+EG5.1+X
BB1.16 + Delta+BA.5), as reported by Yadav et al. [74].
This adjustment in the vaccine composition aims to pro-
vide moderate protection against recent Omicron VOCs,
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demonstrated by pseudovirus-based neutralization stud-
ies in mice.

Influenza

The mRNA vaccine platform has shown great promise in
the development of vaccines against infectious diseases,
it has also been used to develop universal mRNA vac-
cines against influenza. The successful employment of
the SARS-CoV-2 mRNA vaccine further accelerated the
research and development of universal influenza mRNA
vaccines. Two methods are being used for the devel-
opment of universal influenza mRNA vaccines, using
combined antigens or conserved antigens. Combined
nucleoside-modified mRNA influenza vaccines including
antigens from 20 different subtypes have shown promise
as universal influenza vaccines.

Freyn et al. [75] designed a multi-targeting nucleoside-
modified mRNA influenza virus vaccine encapsulated in
LNPs to target multiple conserved influenza antigens.
These include hemagglutinin (HA) stalk, neuraminidase
(NA), matrix protein 2 (M2), and nucleoprotein (NP).
The nucleoside-modified mRNA-LNP vaccine elicited
strong antigen-specific antibodies in mice, capable of
neutralizing multiple influenza strains and the mice were
protected against diverse heterotypic influenza viruses,
including pre-pandemic HIN1 and avian-origin strains
like H5N8 and cH6/1N5 [75]. Its ability to deliver multi-
ple antigens in a single formulation enhanced the breadth
of immunity, addressing challenges posed by antigenic
variability.

In comparison to the study reported by Freyn et al. [75]
which incorporated multiple conserved influenza anti-
gens, van de Ven et al. [76] designed a universal influenza
mRNA vaccine targeting only the conserved internal
proteins of the influenza virus, based on the nucleopro-
tein (NP), matrix protein 1 (M1), and polymerase basic
protein 1 (PB1). These proteins are critical for T-cell
responses and offer protection against various hetero-
subtypic influenza strains [76]. This approach provides
a promising solution to mitigate the impact of seasonal
influenza and potential pandemics caused by emerg-
ing strains. Future research should focus on optimizing
delivery routes and evaluating their efficacy in humans to
accelerate their clinical translation.

mRNA vaccine development against influenza has
taken significant strides with the use of antigens derived
from 20 different hemagglutinin (HA) proteins repre-
senting both seasonal and pre-pandemic strains. Arevalo
et al. [77] developed a multivalent nucleoside-modified
mRNA vaccine encoding hemagglutinin (HA) antigens
from all 18 known influenza A subtypes and 2 influenza
B subtypes. The vaccine elicited robust and cross-reac-
tive antibody responses in mice and ferrets, protecting
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against matched and mismatched viral strains. This
protection was mediated primarily by neutralizing and
non-neutralizing antibodies, including those capable of
antibody-dependent cellular cytotoxicity (ADCC) [77].
The vaccine maintained long-lasting immunity without
significant immunodominance biases. The study dem-
onstrated the feasibility of mRNA vaccines in addressing
the antigenic diversity of influenza viruses, paving the
way for the development of universal influenza vaccines.

Dengue

Dengue viruses cause the most widely transmitted arbo-
viral disease in subtropical and tropical regions of the
world. Annually, 390 million people are infected and 96
million display clinical manifestations [78]. The latest
developed live-attenuated dengue vaccine, TAK-003, has
an overall efficacy of 80.2% but dropped to 66.2% in den-
gue-naive and 76.1% in dengue-exposed individuals after
18 months [79]. However, in seronegative participants,
vaccine efficacy was demonstrated against DENV-1 and
DENV-2 but was not effective against DENV-3. Low inci-
dence of DENV-4 infection in test sites precluded evalu-
ations against DENV-4. Long-term efficacy and safety
against DENV-3 and DENV-4 will need to be further
monitored [80].

Recent advancements in mRNA vaccine research have
significantly improved the stability of mRNA and the
efficacy of delivery systems. These developments have
paved the way for the use of mRNA vaccine technology
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in addressing infectious diseases such as HIV, Zika, Ebola
fever, Lassa fever, Influenza and RSV viruses (Table 1).
Zhang et al. [81] developed a DENV mRNA vac-
cine targeting the DENV-2 strain 16,681 and each vac-
cine candidate incorporated the prME, E80 or the NS-1
mRNA. Each coding sequence carried UTP modified
with NImy-UTP and Cap 1 was added by using the vac-
cinia capping system and an mRNA Cap 2’-O-methyl-
transferase. The mRNA was encapsulated in the LNP
formulation comprising four lipids—D-Lin-MC3-DMA,
DSPC, cholesterol, and PEG-lipid. mRNA vaccine can-
didates carrying either the prME, E80 or NS1 pro-
teins showed that all these three vaccine antigens were
immunogenic. Vaccination with E80-mRNA alone or in
combination with NS1-mRNA could induce high lev-
els of neutralizing antibodies and antigen-specific T-cell
responses. The mRNA vaccine was able to confer com-
plete protection against the DENV-2 challenge in immu-
nocompetent mice. These data paved the way to develop
a tetravalent DENV vaccine based on mRNA technology.
An mRNA-LNP vaccine encoding the prM and E pro-
teins of the DENV-1 strain 16,007 encapsulated in LNP
was developed by Wollner et al. [82]. The mRNA was
transcribed in vitro using a T7 polymerase promoter,
with a 5" cap-1 structure and a 3" poly(A) tail added.
mRNA fragment length has been reported to affect
mRNA stability. A significant improvement in stability of
was evident in second generation Moderna COVID-19
mRNA vaccine with shorten N-terminal and S protein.

Table 1 Overview of mRNA Vaccine Candidates, Clinical Trial Stages, and Advantages, for Targeted Pathogens

Pathogen Clinical Trial Phase Advantages References

Ebola fever Pre-clinical Demonstrates the ability to induce durable antibody responses and T-cell immunity [115,135]
against key Ebola glycoproteins in animal models, with potential for rapid deployment
during outbreaks. mRNA vaccines against EBOV elicited robust expression of IFN-y and IL-2
by CD8+and CD4+T-cells

Lassa fever Pre-clinical Induces robust neutralizing antibody responses targeting the Lassa virus glycoprotein [116,117]
and elicits cross-reactive immunity across multiple strains in preclinical studies

HIV | Successfully elicits broadly neutralizing antibodies and CD8+ T-cell responses targeting [118,119]
conserved regions of the virus, with early results showing promise for overcoming strain
variability

Chikungunya I Safe and well-tolerated; induces high titers of neutralizing antibodies that correlate with pro-  [120-122]
tection and show durability up to 12 months post-vaccination in early trials

Zika I Nucleoside-modified mRNA-LNP demonstrates rapid and robust induction of neutralizing [123-126]

antibodies that protect against Zika virus challenge in animal models and provide cross-
protection with related flaviviruses in humans

Influenza A&B I

Achieves strain-specific antibody responses and significant cross-reactivity across different

[75,84,127,128]

influenza strains; offers the potential for universal flu vaccine development

Respiratory Il
syncytial virus
(RSV)

SARS-CoV-2 v

83.7% effective in a late-stage trial at preventing at least two symptoms of the cold-like
disease caused by the virus in adults aged 60 years and over

Highly effective (up to 95% efficacy in preventing symptomatic COVID-19); robust cellular

[129,130]

[85,131-134]

and humoral responses, with significant protection against severe disease and hospitaliza-

tions
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The improved mRNA-1283 had an increase extension
in shelf life from 6 to 12 months at 2—-8 °C [83]. A two-
dose vaccination protocol in AG129 mice elicited high
neutralizing antibody titers and activation of CD4* and
CD8* T-cells, comparable to natural infection. Immuno-
compromised AG129 mice vaccinated with the prM/E
mRNA-LNP formulation showed no morbidity or mor-
tality, maintained stable weight post-infection and there
was 100% survival. This mRNA-based vaccine elicited
only serotype-specific immune responses and did not
trigger antibody-dependent enhancement (ADE).

Despite advancements in the development of live atten-
uated vaccines, there remains a pressing need to develop
a DENV vaccine which can elicit a robust and balanced
immune response against all four serotypes. Address-
ing this challenge, He et al. [84] developed a multi-target
mRNA-LNP vaccine to confer protection across all 4
DENV serotypes. They developed a modified mRNA vac-
cine encoding a chimeric antigen E carrying the immu-
nodominant region of DENV-1 (E-DIII, 303-395 aa) and
the DENV-2 non-structural protein 1 (NS1,1-302 aa). A
second mRNA vaccine was constructed to carry E-DIII
(DENV-4) + NS1 (DENV-3).

A modified mRNA vaccine candidate encoding a type
1 (N7™GpppA™) cap, the N-terminal tissue plasminogen
activator (tPA) signal sequence and a c-terminal vesicu-
lar stomatitis virus (VSV) G protein transmembrane
region and the cytoplasmic domain (VSV-G TM+CD)
[84]. 5" and 3" UTRs and an optimized targeted E-DIII
and NS1 were constructed and formulated in LNPs. A
robust immune response and high neutralizing antibod-
ies that could block all four DENV serotypes in vitro,
without significant ADE was observed in vitro. There was
a bias towards a Th1l than a Th2 response. Intramuscular
immunization was able to reduce transmission of DENV
in vivo and vascular leakage was eliminated.

Further testing in larger animal models is required
before clinical trials, with future efforts focusing on
developing a tetravalent vaccine that induces both
humoral and cellular immunity without ADE effects.

Challenges, future opportunities, and prospects
Advancing mRNA vaccine design

There are still issues in mRNA vaccines eliciting poor
antibody response, hence innovative approaches to
enhance the efficacy of mRNA vaccines need to be fur-
ther explored. The potential of integrating enveloped
virus-like particle (eVLP) technology to strengthen
mRNA vaccine efficacy and adaptability in combat-
ing SARS-CoV-2 infections has been reported by Hoff-
mann et al. [85]. By engineering the SARS-CoV-2 spike
cytoplasmic tail to carry a short amino acid sequence,
comprising an endosomal sorting complex required for

Page 12 of 19

transport (ESCRT) and an ALG-2-interacting protein X
[ALIX]-binding region or EABR, it was able to recruit
the ESCRT-associated proteins to form eVLPs. Hoffmann
et al. [85] reported the formation of eVLPs that mimic the
structural properties of the virus. These eVLPs, expressed
through mRNA delivery, demonstrated significantly
improved immunogenicity in preclinical models, elicit-
ing higher neutralizing antibody titers and robust T-cell
responses compared to conventional spike-encoding
mRNA vaccines. This strategy addresses a critical chal-
lenge in mRNA vaccine design by enhancing optimum
antigen presentation and immune recognition, offering a
versatile platform for developing next-generation mRNA
vaccines against SARS-CoV-2 and other pathogens.

Immunoinformatics and vaccine development

Traditional vaccine development has historically
depended on empirical methods, requiring significant
time, labor, and resources. However, the advent of immu-
noinformatic approaches has ushered in a new era of vac-
cine design that is more precise, efficient, and adaptable
[86]. These advanced methods leverage computational
tools and structural biology to overcome challenges and
broaden the scope of vaccine applications. Recent efforts
have focused on developing vaccines targeting multi-
ple viral pathogens. Recently, Rcheulishvili et al. [87]
demonstrated the application of the immunoinformatic
approach to design a novel multi-epitope mRNA vaccine
candidate for monkeypox, smallpox, and vaccinia virus in
silico.

In silico-designed multi-epitope vaccines have shown
remarkable efficacy, eliciting robust immune responses
against pathogens like Epstein-Barr Virus (EBV) [89].
These findings underscore the potential of immunoin-
formatic-designed vaccines to revolutionize the field
by identifying highly conserved epitopes that can offer
broad protection by predicting high immunogenicity,
minimizing allergenicity, and eliminating potential toxic-
ity [90]. Computational approaches, such as antigenicity
prediction, molecular docking, and structural modeling
of viral proteins, play a pivotal role in identifying optimal
epitopes for vaccine design [91]. Recent studies reported
by Mukhtar et al. [92], Alsaiari et al. [93], and Ullah et al.
[94], have demonstrated several modified mRNA-based
vaccine constructs targeting pathogens like the four
DENYV serotypes using a computational approach. How-
ever, the current research is still in the design phase and
has yet to be validated.

Multi-epitope vaccine

Most of the mRNA vaccines developed so far are based
on whole proteins. This limits the incorporation of more
proteins which can increase the immunogenicity of the
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mRNA vaccine. Incorporating numerous whole proteins
as the vaccine raises the question of achieving equitable
immunogenicity and increasing the cost of production.
For example, Arevalo et al. [77] employed 18 HA-based
mRNA against Influenza A strains. It is unknown if equi-
table immune responses can be achieved against every
strain and if similar protection can be afforded for each
strain. If unequal protection is due to different levels of
immune responses being elicited, the effectiveness of
the 18 HA-mRNA-based vaccine can be affected. A key
direction involves reducing whole proteins to only immu-
nogenic peptides specifying B-cell, CD4" T-cell, and
CD8*T-cell epitopes responsible for translation in one
mRNA molecule. This approach can substantially reduce
the length of the mRNA and the IVT reaction can be
more cost-effective while providing broad and durable
immunity.

Preclinical studies demonstrated that multi-target-
based mRNA vaccines elicited strong humoral and cel-
lular responses, improving cross-serotype protection of
dengue [84]. Multi-target vaccines designed from multi-
ple genes of a virus aim to broaden the immune response
by incorporating conserved antigens from diverse viral
proteins, increasing the likelihood of neutralizing the
virus effectively. These vaccines target key functional
regions which are conserved across the viral genome,
such as structural and non-structural proteins, ensuring
comprehensive protection even if the gene encoding one
antigen mutates. This approach holds immense potential
for addressing global health threats posed by emerging
viral variants, offering a scalable, adaptable, and effective
solution for preventing highly mutable genomes.

Expanding this approach, multi-epitope vaccines
take advantage of immunogenic regions from different
viral genes to create a mosaic of epitopes, selected for
their ability to elicit robust T-cell and B-cell responses.
Advances in multi-epitope mRNA vaccines have revolu-
tionized the approach to combating complex and highly
variable pathogens. By including conserved epitopes
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from multiple strains, multi-epitope-based mRNA vac-
cines address antigenic drift and shift which are com-
mon challenges facing the development of influenza,
SARS-CoV-2, dengue, and other viral diseases [95]. This
approach shows promising effects in eliciting compre-
hensive and long-lasting immunity. An example of a
multi-epitope mRNA construct for a universal influenza
vaccine was designed by Rcheulishvili et al. [88]. The
multi-epitope vaccine separates the epitopes by link-
ers (Fig. 6). Commonly used linkers include EAAAK,
GPGPG, GGGGS, KK, and AAY [15]. The flexibility of
mRNA platforms allows for rapid design to incorporate
conserved epitopes from multiple strains or serotypes,
thus enhancing the breadth of vaccine coverage [88].

Rare adverse effects associated with mRNA-LNP vaccines
Immune-related side effects associated with COVID-19
mRNA vaccines, such as allergic reactions and autoim-
mune responses, have been reported [96]. Autoimmune
responses may occur when the immune system mistak-
enly identifies the antigens translated mRNA-LNP vac-
cine as self-antigens, potentially leading to the activation
of autoreactive B- or T-cells [96]. This phenomenon
could result in the development of conditions such as
myocarditis, autoimmune thrombocytopenia, or other
inflammatory diseases [97].

While LNP technology is widely recognized for its effi-
ciency and versatility in delivering mRNA, its use has
raised concerns due to potential adverse effects linked
to proinflammatory responses. A key component of LNP
formulations, polyethylene glycol (PEG), plays an essen-
tial role in preventing aggregation and stabilizing the par-
ticles through steric hindrance. However, PEG has been
identified as a possible source of allergenicity [98]. PEG
has been implicated in anaphylaxis and pseudo-allergic
reactions following mRNA vaccine administration [99].
Notably, most of these reactions are not classic type-1
IgE-mediated allergies but may involve IgE-independent

KK GPGPG AAY
EAAK EAAK |
5'cap :/\/\ Y ) N
~. ml B-cell | B-cell | B-cell | B-cell * cD8+ | cD8+ | cD8+ | cD8+ :r CD4+ | CD4+ | CD4+ | CD4+ :,:
o\ \N_J \_/

Fig. 6 Schematic illustration of a multi-epitope mRNA construct, comprising of a 5'Cap, 5-UTR, signal peptide, adjuvant, His-Tag, 3"-UTR
and poly(A) tails. B-cell epitopes are linked using KK amino acids; CD8* T-cell epitopes are linked by the GPGPG amino acids; CD4* T-cell epitopes are
linked with AAY amino acids; signal peptide and adjuvant uses the EAAK amino acid linkers
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pseudo-allergic pathways, such as complement activa-
tion-related pseudo-allergy (CARPA) [100].

Additionally, widespread exposure to PEG in everyday
products, such as cosmetics and pharmaceuticals, likely
contributes to the development of pre-existing anti-PEG
antibodies in some individuals. Hence, the immuno-
genic potential of PEG is a critical concern, as repeated
systemic exposure to PEG-containing products can lead
to the formation of anti-PEG antibodies, which may trig-
ger anaphylactoid reactions, including CARPA. This pre-
existing immunity could explain some of the immediate
allergic reactions observed following the first dose of
mRNA-LNP vaccines [101].

Despite these concerns, the overall benefits of LNP-
based mRNA vaccines far outweigh the risks, prompting
ongoing research to better understand and mitigate these
rare adverse events while enhancing the safety and effi-
cacy of mRNA vaccine platforms.

Al-driven design of ionizable lipids for mRNA therapeutics
Despite extensive research efforts, the current design of
ionizable lipids for LNP delivery systems explores only
a fraction of the immense diversity of potential chemi-
cal structures. The integration of computer-aided design
(CAD) and artificial intelligence (AI) in the development
of ionizable lipids for mRNA-LNP formulations is revo-
lutionizing the field. CAD is essential for LNP modifi-
cation due to the complexity and diversity of structural
features that influence mRNA delivery, stability, and effi-
cacy. Traditional experimental methods of lipid design
and screening are time-consuming and resource-inten-
sive, limiting the exploration of vast chemical spaces, but
Al-driven approaches offer the ability to rapidly evaluate
and predict the performance of lipid candidates [102].
Al-driven tools streamline this process by identifying
critical lipid properties and predicting their performance,
enabling the rational design of LNPs tailored to specific
therapeutic needs. This approach not only accelerates
innovation but also enhances the scalability and precision
of LNP formulations, critical for advancing next-genera-
tion mRNA vaccines and therapies.

Machine learning (ML) algorithms, such as artifi-
cial neural networks (ANN) and LightGBM, have been
employed to optimize lipid libraries by identifying critical
structural features that enhance delivery efficiency. For
example, Maharjan et al. [103] used ANN-DOE models
to design superior mRNA-LNP vaccines, while Metwally
et al. [104] demonstrated the efficacy of ML in predicting
in vivo performance of siRNA-LNPs.

Al-guided platforms like AGILE have further acceler-
ated the screening process, evaluated thousands of lipid
candidates, and produced experimentally validated hits
[105]. These technologies facilitate the rational design of
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ionizable lipids tailored to specific delivery needs, such
as targeting tissues or enhancing stability. Although the
field is still nascent, the use of Al promises to streamline
lipid development, enabling the creation of more effec-
tive and scalable LNP formulations for diverse biomedi-
cal applications, including vaccines, cancer therapies, and
gene editing. Establishing comprehensive, open-access
databases will be critical to harnessing the full potential
of Al in lipid design and advancing mRNA vaccines and
therapeutics.

Storage and cold chain management

Despite these Al advancements, challenges remain. Effi-
cient delivery systems capable of targeting specific cells
or tissues are still under development, with LNPs lead-
ing the field. Innovations in LNP delivery systems sup-
port the efficient expression of mRNA while minimizing
exonuclease degradation. Most FDA-approved mRNA
vaccines require storing mRNA-LNPs at low (— 20 °C) or
ultra-low temperatures (— 80 °C), complicating the dis-
tribution of mRNA vaccines in resource-limited settings
[106]. As a result, the stringent requirements for cold
chain logistics and storage of these vaccines significantly
limit the clinical application and distribution of mRNA
vaccines, due to the lack of transport links, refrigeration
facilities, or stable power supplies [102]. The instability
of mRNA-LNPs during storage is predominantly caused
by chemical degradation through hydrolysis and oxida-
tion reactions [102]. When mRNAs are kept in an aque-
ous environment for an extended time, the backbone
of the mRNA will be cleaved, disrupting its secondary
structure. To overcome this challenge, lyophilization has
emerged as a promising strategy for improving mRNA-
LNP stability and enabling storage at higher tempera-
tures, for example in ambient temperatures or 4 °C.
Moderna’s lyophilized cytomegalovirus (CMV) mRNA
vaccine (mRNA-1647) is currently in phase 3 clinical tri-
als and has ensured a shelf life of up to 18 months when
stored at 5 °C. Research by Gerhardt et al. [107] revealed
that mRNA-1647 remains stable for over 8 months at
room temperature and more than 21 months when stored
at 4 °C. Ai et al. [108] demonstrated that lyophilized and
reconstituted mRNA-LNP vaccines provide comparable
protection against the COVID-19 Omicron variant in
mice when compared to freshly prepared mRNA-LNP
formulations, even after 6 months of storage at 4 °C or
25 °C. Notably, long-term storage of the lyophilized
mRNA-LNPs did not result in any significant changes in
key parameters, including nanoparticle size, polydisper-
sity index (PDI), encapsulation efficiency (EE), mRNA
integrity, or lipid stability. This finding underscores the
potential of lyophilization as a transformative approach
to extend mRNA vaccine shelf life, minimize reliance on
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cold chain logistics, and facilitate global vaccine distri-
bution, particularly in regions with limited refrigeration
infrastructure.

Lyophilization involves freeze-drying the mRNA-
LNPs with cryoprotectants to prevent structural damage
caused by ice crystal formation. The most common cryo-
protectants are sugars as they form protective matrices
around the microparticles and maintain stability [102].
Pfizer-BioNTech and Moderna Covid-19 mRNA-LNP
formulations include sugars like sucrose to maintain LNP
integrity during freezing [25]. Li et al. [109] showed that
the cryoprotectant mixture—comprising 8.8% sucrose,
2% trehalose, and 0.04% mannitol—could enhance the
structural integrity of mRNA-LNPs, enabling them to
withstand temperature fluctuations better while signifi-
cantly reducing lyophilization time. These findings high-
light the potential of lyophilization as a critical strategy to
address mRNA-LNP instability, enhance long-term sta-
bility, and eliminate reliance on cold chain logistics. Such
advancements are pivotal for the widespread distribution
and implementation of mRNA-LNPs, particularly for
global disease management initiatives that require scal-
able and durable vaccine solutions.

Another approach that can be implemented to improve
mRNA stability and efficiency is self-amplifying mRNAs
(saRNAs), and circular mRNAs (circRNAs). Both saR-
NAs and circRNAs hold significant potential for the
future of mRNA technology. SaRNAs are derived from
alphavirus genomes and contain replication machinery
to amplify the mRNA payload, enabling lower doses to
achieve therapeutic effects, reducing production costs,
and improving scalability [110]. This amplification ability
makes them particularly advantageous for mass immuni-
zation efforts. CircRNAs, unlike linear mRNAs, lack 5
and 3’ ends, rendering them highly resistant to exonucle-
ase-mediated degradation and offering superior stability
and prolonged protein expression [111]. Their covalently
closed ring structure further enhances their inherent
stability, making them especially promising for vaccines
that need to endure variable storage conditions [112].
Supporting this potential, Qu et al. [112] demonstrated
that LNP-encapsulated circRNAs encoding the receptor-
binding domain (RBD) of the Omicron variant elicited
stronger immune responses and maintained robust RBD
expression after two weeks of storage at room tempera-
ture (~25 °C) compared to conventional LNP-encapsu-
lated linear mRNA vaccines.

mRNA purification and quality control

The purification and quality control of mRNA are criti-
cal steps in ensuring the efficacy, stability, and safety of
mRNA vaccines. Following IVT, mRNA products often
contain impurities such as DNA templates, enzymes,
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and double-stranded RNA (dsRNA) byproducts, which
can compromise stability and induce unwanted immune
responses [113]. Various purification techniques, includ-
ing size exclusion chromatography (SEC), hydrophobic
interaction chromatography (HIC), reverse-phase high-
performance liquid chromatography (RP-HPLC), and
affinity-based methods (e.g., oligo-dT columns), have
been developed to address these challenges [102]. Nota-
bly, RP-HPLC has been shown to eliminate dsSRNA impu-
rities effectively, enhancing mRNA translation efficiency
by up to 1000-fold [65]. Advanced enzymatic treatments
and multimodal chromatographic methods are also
emerging to further improve purity and scalability [114].
High-efficiency purification not only ensures compliance
with regulatory standards but also lays the foundation for
future advancements in mRNA vaccine technology, ena-
bling consistent production of high-purity mRNAs for
next-generation vaccines and therapeutics. This is espe-
cially critical as mRNA vaccines expand beyond infec-
tious diseases to target non-communicable diseases such
as cancer and rare genetic disorders, where precision and
reliability are paramount.

Conclusion

mRNA vaccine technology represents a breakthrough
in immunology and vaccinology. With its ability to elicit
robust immune responses, rapid adaptability to emerg-
ing pathogens, and scalable manufacturing processes, it
offers solutions to challenges faced by traditional vaccine
platforms. Advancements in delivery systems, especially
lipid nanoparticles (LNPs), have significantly improved
mRNA vaccine performance by enhancing their stabil-
ity, facilitating efficient cellular uptake, and boosting
immunogenicity. These innovations have expanded the
potential applications of mRNA vaccines across diverse
medical challenges. Furthermore, innovations in nucle-
otide modifications, 5" and 3" UTR engineering, and
codon optimizations have significantly improved mRNA
stability and translational efficiency. Besides the mRNA
vaccine for SARS-CoV-2, three recent Phase 3 trials for
cytomegalovirus, Influenza A and B and Respiratory syn-
cytial virus can lead to new clinically applicable vaccines
in the near future. While the success of mRNA vaccines
against COVID-19 highlights their potential, ongoing
research into optimizing formulations, expanding the
range of target pathogens, improving stability of mRNA
constructs and thermostability will ensure that mRNA
vaccines continue to revolutionize global public health.
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